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ABSTRACT
Non-ideal magnetohydrodynamics (MHD) is the dominant process. We investigate the effect
of magnetic fields (ideal and non-ideal) and turbulence (sub- and transsonic) on the formation
of circumstellar discs that form nearly simultaneously with the formation of the protostar. This
is done by modelling the gravitational collapse of a 1 M⊙ gas cloud that is threaded with a
magnetic field and imposed with both rotational and turbulent velocities. We investigate mag-
netic fields that are parallel/anti-parallel and perpendicular to the rotation axis, two rotation
rates and four Mach numbers. Disc formation occurs preferentially in the models that include
non-ideal MHD where the magnetic field is anti-parallel or perpendicular to the rotation axis.
This is independent of the initial rotation rate and level of turbulence, suggesting that subsonic
turbulence plays a minimal role in influencing the formation of discs. Aside from first core
outflows which are influenced by the initial level of turbulence, non-ideal MHD processes are
more important than turbulent processes during the formation of discs around low-mass stars.
Key words: stars: formation— stars: outflows — protoplanetary discs — magnetic fields —
(magnetohydrodynamics)MHD— turbulence
1 INTRODUCTION
Molecular clouds that host star formation regions are host to many
physical processes, including gravity, turbulence (e.g. Larson 1981;
Heyer & Brunt 2004) and magnetic fields (e.g. Heiles & Crutcher
2005; Crutcher 2012). All of these processes are expected to play
a role in the star formation process (e.g. Mac Low & Klessen
2004; McKee & Ostriker 2007; Hennebelle & Chabrier 2011;
Federrath & Klessen 2012).
Turbulent motions likely occur on all scales within a molec-
ular cloud, where turbulence is supersonic on the cloud-scale (e.g.
Larson 1981) and decays with decreasing spatial scales. This typ-
ically yields cores that have subsonic motion (e.g. Myers 1983;
Jijina et al. 1999; Bergin & Tafalla 2007), although not in all cases;
for example, some dense cores within the Serpens molecular
cloud have supersonic motions (Williams & Myers 1999). Inde-
pendent of the level of turbulence, the gas motion in the cores
may not be completely random, as many cores are observed
to have motions that are consistent with uniform rotation (e.g.
Goodman et al. 1993; Caselli et al. 2002), although more recent
surveys are less frequently finding evidence for this organised rota-
tion (e.g. Tobin et al. 2011, 2012). Goodman et al. (1993) observed
rotation rates in cores of 0.002 < βr < 1.4 and typical values of
βr ∼ 0.02, where βr is the ratio of rotational energy to gravita-
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tional energy, while Caselli et al. (2002) observed the lower range
of 10−4 < βr < 0.07 in their sample.
The traditional view is that the gas motion in the dense, star
forming cores is a superposition of random (i.e. turbulent) and co-
herent (i.e. rotational) motions. Moreover, turbulence and rotation
are inextricably linked since turbulence can generate rotation. Nu-
merical studies have shown that rotating cores can be formed from
a molecular cloud that contains density perturbations but no initial
velocity (Verliat et al. 2020), or from a turbulent molecular cloud
with initially smooth density and no coherent velocity profile (e.g.
Goodwin et al. 2004a,b; Bate 2012, 2018; Wurster et al. 2019).
Turbulent motions necessarily become more complicated
in the presence of magnetic fields. For example, turbulent ed-
dies become elongated in the direction of the magnetic field
(Goldreich & Sridhar 1995), and the power spectrum is typically
shallower than Kolmogorov (e.g. Iroshnikov 1963). Turbulent mo-
tion will also quickly tangle the magnetic field in ideal magnetohy-
drodynamics (MHD), since gas can only flow along the field lines;
in this case, the magnetic field may become tangled enough to pre-
vent further gas motion (see the review by Hennebelle & Inutsuka
2019). In order for turbulence to not prohibit gas motions, magnetic
reconnection must occur to change the topology of the magnetic
field and hence the assumption of ideal MHD must be relaxed.
Given its ubiquity, turbulence is often included when
modelling the formation of stars (e.g. Matsumoto & Hanawa
2011; Seifried et al. 2012, 2013; Joos et al. 2013; Myers et al.
c© 2020 The Authors
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2013; Tsukamoto & Machida 2013; Matsumoto et al. 2017;
Lewis & Bate 2018; Gray et al. 2018). The initial conditions
of these models vary from low- (M < 10 M⊙) to high-
(M > 100 M⊙) mass cores, sub- to super-sonic turbulence, and
may be purely hydrodynamic or include magnetic fields. While
stars form in all these studies, the environments around them vary
considerably, with some studies suggesting that the inclusion of
turbulence promotes disc formation while other studies suggest
that turbulence hinders it (for a review, see Wurster & Li 2018).
The former studies suggest that, since turbulence promotes disc
formation, turbulence is a possible solution to the magnetic braking
catastrophe (i.e. in numerical models that include strong magnetic
fields, circumstellar discs fail to form around young stars; e.g.
Allen et al. 2003; Galli et al. 2006).
Molecular clouds are only weakly ionised (e.g.
Mestel & Spitzer 1956; Nakano & Umebayashi 1986;
Umebayashi & Nakano 1990), therefore ideal MHD is an in-
complete description, even if simulations show that turbulence
can prevent the magnetic braking catastrophe in the presence
of ideal magnetic fields. A more complete description requires
non-ideal MHD (e.g. Wardle & Ng 1999; Wardle 2007), where the
important terms for star formation are Ohmic resistivity, ambipolar
diffusion and the Hall effect. Previous star formation studies
that included these three terms have shown that under certain
magnetic geometries, circumstellar discs of 10s of au can form
(e.g. Tsukamoto et al. 2015b; Wurster et al. 2016; Tsukamoto et al.
2017; Wurster et al. 2018b; Wurster & Bate 2019); like turbulence,
non-ideal MHD has been proposed as a solution to the magnetic
braking catastrophe. It should be noted that these non-ideal MHD
studies were performed in initially laminar gas flows.
Given that both non-ideal MHD and turbulence may promote
disc formation under certain conditions, is one effect dominant and
under what conditions is this true? The 50 M⊙ star cluster for-
mation study of Wurster et al. (2019), where the cloud was ini-
tialised with supersonic turbulence, concluded that discs formed
around stars independent of initial magnetic field strength or inclu-
sion/exclusion of non-ideal MHD. This agreed with previous super-
sonic turbulence studies that turbulence promoted disc formation,
even in strong magnetic fields (e.g. Seifried et al. 2013). This study
further concluded that only turbulence – and not non-ideal MHD –
was required for disc formation.
Throughout the literature, turbulence has been observed and
modelled on all scales, with varying conclusions. The inclusion
of non-ideal MHD (at least the combination of Ohmic resistivity,
ambipolar diffusion and the Hall effect) is a more recent addition,
and these processes need further investigation in conjunction with
turbulent gas motions. In this study, we investigate the compet-
ing effects of ideal/non-ideal MHD and sub/transssonic turbulence
on the formation of discs around isolated, low-mass stars using a
3D self-gravitating, smoothed particle, radiative, non-ideal mag-
netohydrodynamics code. In a companion paper, Wurster & Lewis
(2020) (hereafter Paper II), we investigate the effect these param-
eters have on the formation of the stellar core. In Sections 2 and
3 of this paper, we summarise our methods and initial conditions,
respectively. In Section 4, we present our results and we conclude
in Section 5.
2 METHODS
We solve the self-gravitating, radiation non-ideal magnetohydro-
dynamics equations using the three-dimensional smoothed par-
ticle hydrodynamics (SPH) code SPHNG. This code originated
from Benz (1990), but has since been modified to include vari-
able smoothing lengths (Price & Monaghan 2007), individual time-
stepping and sink particles (Bate et al. 1995), flux-limited diffu-
sion radiative transfer (Whitehouse et al. 2005; Whitehouse & Bate
2006), magnetic fields (for a review, see Price 2012), and non-ideal
MHD (Wurster et al. 2014, 2016). For stability of the magnetic
field, we use the source-term subtraction approach of Børve et al.
(2001), the constrained hyperbolic/parabolic divergence cleaning
method of Tricco & Price (2012) and Tricco et al. (2016), and the
artificial resistivity as described in Price et al. (2018). For a more
detailed description of our methods, see Wurster et al. (2018a).
We calculate the three non-ideal MHD coefficients – Ohmic
resistivity, ambipolar diffusion, and the Hall effect – using version
1.2.3 of the NICIL library (Wurster 2016). For a review of non-
ideal MHD, see Wardle (2007) and Braiding & Wardle (2012). We
use the default parameters of NICIL, which includes the canonical
cosmic ray ionisation rate of ζcr = 10
−17 s−1 (Spitzer & Tomasko
1968), which contributes towards the ionisation of low-mass ions
(m = 2.31mp, where mp is the proton mass), high-mass ions (m =
24.3mp), and dust grains. The dust grains are comprised of a single
species of radius ag = 0.1 µm, bulk density ρbulk = 3 g cm
−3 and
a dust-to-gas fraction of 0.01 (Pollack et al. 1994), but are evolved
as three populations: negatively, positively, and neutrally charged.
When ρmax = 10
−8 g cm−3 is reached late in the first hy-
drostatic core phase, a sink particle (Bate et al. 1995) of radius
racc = 1 au is inserted to allow us to investigate the formation and
early evolution of the disc. The sink size is similar to the minimum
value recommended by Machida et al. (2014), although we insert
the sinks at a higher density. This this should minimise the numeri-
cal effects the sink particle will have on disc formation and its early
evolution. As gas particles enter this radius (racc = 1 au), they are
accreted onto the sink if they pass the criteria as given in Bate et al.
(1995), and are automatically accreted if they come within 0.1 au
of the sink particle.
There are several factors that contribute to the choice of
timestep, including a particle’s density, acceleration and signal ve-
locity and well as criteria based upon SPHNG’s Runge-Kutta inte-
grator; for a discussion on timesteps, see section 2.3.2 of Price et al.
(2018). In most cases, the timestep is controlled by a Courant-
Friedrichs-Lewy-like condition
dtCFL = 0.3
h
vsig
, (1a)
where h is the smoothing length of a particle and vsig is its signal
velocity. Naturally, as the gas gets more dense, shorter timesteps are
required to resolve the motion since h ∝ ρ−1/3. Non-ideal MHD
adds an additional timestep constraint of
dtnimhd =
h2
2pimax (ηOR, |ηHE| , ηAD)
, (1b)
where η is the non-ideal MHD coefficient. In cases of high density
and strong magnetic fields, dtnimhd ≪ dtCFL (e.g. Mac Low et al.
1995; Choi et al. 2009; Wurster et al. 2014), which greatly affects
how long we can evolve a simulation. SPHNG does not include
super-time-stepping (Alexiades et al. 1996), but does use implicit
time-stepping for Ohmic resistivity as introduced in Wurster et al.
(2018a).
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3 INITIAL CONDITIONS
Our initial conditions are similar to our previous studies of low-
mass star formation in a magnetised medium (e.g. Lewis et al.
2015; Lewis & Bate 2017, 2018; Wurster et al. 2018a,b,c). We em-
bed a cold, dense sphere of mass M = 1 M⊙, radius R =
4 × 1016 cm, uniform density ρ0 = 7.43 × 10
−18 g cm−3, and
initial sound speed cs = 2.2× 10
4 cm s−1 into a warm medium of
edge lengthL = 4R; the cold sphere and warmmedium are in pres-
sure equilibrium and have a density contrast of 30:1. The sphere
is given a solid body rotation about the z-axis (i.e. Ω0 = Ω0zˆ),
and the entire domain is threaded with a magnetic field of strength
B0 = 1.63 × 10
−4 G = 163 µG, which is equivalent to five times
the critical mass-to-flux ratio (i.e. µ0 = 5).
A turbulent velocity field is added to the sphere, such that
the total velocity of any given particle is a superposition of the
initial rotational and turbulent velocities. We calculate the turbu-
lent component similarly to Ostriker et al. (2001) and Bate et al.
(2003), in which we generate a divergence-free random Gaussian
velocity field with a power spectrum P (k) ∝ k−4, where k is the
wavenumber. The velocity field is normalised to obtain the desired
Mach number and then the turbulent component of the particles’
velocity is interpolated from this. Each particle will have a differ-
ent turbulent velocity, with the root mean square velocity of the
turbulence given by v¯turb = Mcs, where M is the desired Mach
number. This superposition of rotational and turbulent velocities
means that our initial cores have different amounts of initial kinetic
energy, where the increase in initial kinetic energy corresponds to
the initial amount of turbulent energy. For further details of how the
initial velocity field is set up, see Lewis & Bate (2018).
Given the competing physical processes, it is useful to com-
pare the various energies to the gravitational potential energy. The
useful ratios are
βr = Erot/Egrav =
1
3
R3Ω2
GM
, (2)
βturb = Eturb/Egrav =
5
6
RM2c2s
GM
, (3)
βmag = Emag/Egrav =
5
18
R4B2
GM2
, (4)
α = Etherm/Egrav =
5
2
Rc2s
GM
, (5)
for rotational-to-gravitational1, turbulent-to-gravitational2,
magnetic-to-gravitational3 and thermal-to-gravitational potential
energy, respectively. In this study, we use constant βmag,0 = 0.071
and α0 = 0.36
4.
We include 106 equal mass SPH particles in the sphere and an
additional 5× 105 particles in the warm medium.
3.1 Parameter space
We investigate the same parameter space both here and in Paper II:
1 In Table 1 of Lewis & Bate (2018), the values of Ω0 for βr ≥ 0.01 are
incorrect; their βr correctly reflects their initial conditions.
2 This differs from Lewis & Bate (2018), which included a typo in their
equation.
3 This differs from Lund & Bonnell (2018) whose magnetic energy is for
the sphere and surrounding region, assuming B(r > R) = B0(R/r)3 ;
see Hartmann (1998) for derivation and explanation.
4 This value differs from Lewis & Bate (2018), although their eqn. 32
yields this value rather than the value they present.
(i) Magnetic processes: We investigate pure hydrodynamics,
ideal MHD and non-ideal MHD. All the non-ideal MHD models
include Ohmic resistivity, ambipolar diffusion and the Hall effect.
(ii) Magnetic field direction: For ideal MHD, we investigate the
two directions ofB0 = −B0xˆ ≡ B-x and −B0zˆ ≡ B-z. For non-
ideal MHD, we investigate B0 = −B0xˆ, −B0zˆ and +B0zˆ ≡
B+z since the Hall effect is dependent on the sign of Ω · B (e.g.
Braiding & Wardle 2012).
(iii) Turbulent Mach number: We investigate sub- and transsonic
values of M0 = 0, 0.1, 0.3 and 1.0. These values correspond to
ratios of turbulent-to-gravitational energy of βturb,0 = 0, 0.0012,
0.011 and 0.12, respectively. Lewis & Bate (2018) found that due
to the low mass of the core, supersonic values caused a large part
of the cloud to unbind, preventing a useful investigation.
(iv) Rotation: We investigate rotation rates of Ω0 = 1.77 ×
10−13 and 3.54×10−13 s−1, corresponding to ratios of rotational-
to-gravitational energy of βr,0 = 0.005 and 0.02, respectively;
we call these slow and fiducial rotators, respectively. The for-
mer matches the value used in our previous studies and the lat-
ter matches the peak of the observed distribution of rotation rates
(Goodman et al. 1993).
Our magnetised models use the naming convention of
aMbβcBd, where a = i (n) for ideal (non-ideal) MHD, b is the Mach
number, c is the initial ratio of rotational-to-gravitational energy,
and d represents the orientation of the initial magnetic field (i.e.
±z or −x); our hydrodynamic models use the convention hMbβc.
An asterisk, *, in place of a variable indicates every model with the
remaining defined components.
4 RESULTS
The models are evolved for at least 1500 yr after the sink particle
is inserted (i.e. after the protostar has formed), which is at a dif-
ferent time for each model. Although 1500 yr is a relatively short
period in the lifetime of the disc (Dunham et al. 2014), it allows us
to investigate whether or not discs can form simultaneously with
the formation of the protostar or during their very early evolution.
For a discussion about longer-term evolution, see Section 4.6.
Fig. 1 shows the gas column density 1500 yr after the for-
mation of the protostar for all the models in our suite, and Fig. 2
shows the gas column density near the protostar for models that
form small or no discs. In each panel, the protostar has been shifted
to the origin, but we have not altered the orientation of the discs.
To quantitatively investigate the structure of a disc, we use
the same method as presented in Bate (2018) and Wurster et al.
(2019). For each star, we find the closest particle and determine if it
is bound to the star+disc system, has an eccentricity of e < 0.3 and
has density ρ ≥ 10−13 g cm−3. If so, it is added to the sink+disc
system, and this process is repeated with the next nearest neigh-
bour until all the particles have been checked. The mass of the
disc, Mdisc, is the total mass of all particles that meet the crite-
ria, and its radius Rdisc is the radius that contains 63.2 per cent of
the disc mass; we only analyse discs withMdisc > 10
−4 M⊙. This
method of defining discs yields similar results to the method given
in Joos et al. (2013).
Fig. 3 shows the radius, disc mass, stellar mass, disc-to-stellar
mass ratio and average magnetic field strength for the disc in each
model 1500 yr after the formation of the star.
MNRAS 000, 1–12 (2020)
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βr=0.005 M=0
iB-x
M=0.1 M=0.3 M=1.0
iB-z
nB-x
nB+z
nB-z
Hydro
0 2 4
log column density [g/cm2]
100 au
βr=0.02 M=0
iB-x
M=0.1 M=0.3 M=1.0
iB-z
nB-x
nB+z
nB-z
Hydro
0 2 4
log column density [g/cm2]
100 au
Figure 1. Vertically integrated gas column density for the models with βr,0 = 0.005 (left) and 0.02 (right) at 1500 yr after the formation of the star. The
star has been shifted to be at the centre of each panel. Models hM0.0β0.02, hM0.1β0.02 and hM0.3β0.02 have fragmented into multiple stars, thus we have
re-centred on the star with the largest disc. The black dots represent the sink particles to scale. In environments with sub/transsonic turbulence, magnetic fields
are more important than turbulence in the formation of circumstellar discs. This is true for both slow rotators (left) and clumps that are initial rotating at the
observed mean rate (right).
βr=0.005 M=0
iB-x
M=0.1 M=0.3 M=1.0
iB-z
nB+z
1 2 3
log column density [g/cm2]
20 au
βr=0.02 M=0
iB-x
M=0.1 M=0.3 M=1.0
iB-z
nB+z
1 2 3
log column density [g/cm2]
20 au
Figure 2. Vertically integrated gas column density as in Fig. 1, but zoomed in over a smaller region and only showing the models that form small or no discs.
Black dots represent the sink particles to scale. Turbulence promotes the formation of small discs in iM>0β0.02B-z and iM0.3β∗B-x.
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Figure 3. Disc radius, disc mass, stellar mass, disc-to-stellar mass ratio and
the average magnetic field strength in the disc for each model 1500 yr after
star formation; the hydrodynamic models with multiple stars are excluded.
The legend is split across both columns for clarity. For the models with well
defined discs (Rdisc & 5 au and Mdisc & 0.1 M⊙), increasing the Mach
number has minimal effect on the disc properties.
4.1 Discs
4.1.1 Hydrodynamics
Previous studies have shown that in the absence of magnetic fields
and turbulence, large discs form (e.g. Bate 1998; Saigo & Tomisaka
2006; Saigo et al. 2008; Machida et al. 2010; Bate 2010, 2011;
Bate et al. 2014; Wurster et al. 2018b). This is true for our slow
rotator models (βr,0 = 0.005), which each form a single 10-30 au
disc; these are slightly smaller than the ∼40 au discs predicted by
Hennebelle et al. (2016), but typically agree within the factor of
two range that Hennebelle et al. (2016) found. There is no trend in
disc size with Mach number, suggesting that rotation is more im-
portant than turbulence. The three subsonic fiducial rotator models
(βr,0 = 0.02) form higher order systems rather than a single, large
disc. Fig. 4 shows the gas column density of the hydrodynamic
models, zoomed out to encompass the entire system.
In the higher order systems, the core fragments such that
the protostars form nearly simultaneously. In these models, there
is initially more rotational than turbulent energy, suggesting that
the fragmentation is a result of rotation alone. This agrees with
Wurster & Bate (2019), who found that disc fragmentation could
be induced from rotation alone if the initial rotational energy was
large enough5. In the absence of rotation, Goodwin et al. (2004b)
5 In Wurster & Bate (2019), the disc fragmented rather than the core itself
M=0
βr=0.005
Hydro M=0.1 M=0.3 M=1.0
βr=0.02
0 2 4
log column density [g/cm2]
400 au
Figure 4. Vertically integrated gas column density for the hydro models.
The models have not been shifted nor rotated. The transsonic models form
single discs away from the origin, whereas the subsonic fiducial rotators
fragment into multiple protostars, many of which have circumstellar discs.
found that even low levels of turbulence (βturb,0 > 0.01) permit-
ted fragmentation and multiple systems to form. Therefore, in both
extremes of rapid rotation or no rotation plus low levels of tur-
bulence, fragmentation can occur to form multiple systems. Be-
tween these two extremes, we find that slow rotation (βr,0 = 0.005)
will stabilise the core against fragmentation and permit a single
disc to form. Therefore, rotational energy is more important than
subsonic turbulent energy for determining the stability of hydrody-
namic discs.
Both transsonic models form a single disc, and, unlike the sub-
sonic models, these discs are not at the origin of system. Thus, at
least transsonic turbulence is required to disrupt the gas flow such
that the disc forms away from the origin, independent of rotational
energy. In our fiducial rotation, transsonic model (hM1.0β0.02),
βturb,0 > βr,0 suggests that transsonic turbulence can stabilise
against the fragmentation of a rapidly rotating disc. This may be
a result of the turbulent motions creating gas flows away from the
origin, which in turn reduces the importance of the rotational en-
ergy about the origin.
4.1.2 Ideal MHD
From our initial conditions, βmag,0 > βr,0 for all magnetised models,
and βmag,0 > βturb,0 for all subsonic models. Thus, magnetic fields
are expected to play an important role in the evolution of the cloud
and subsequent formation of the disc.
Including ideal magnetic fields hinders disc formation, pre-
venting discs from forming in 11 of 16 models; see Fig. 2. The only
slow rotator to form a disc is iM0.3β0.005B-x, which forms a low-
mass, r ≈ 2.3 au disc; for comparison, its fiducial rotator counter-
part forms a 7.5 au disc. Since these are the only ideal models with
B-x to form discs, their formation is possibly a result of the random
seed number used to generate the turbulence (e.g. Goodwin et al.
2004a; Liptai et al. 2017; Geen et al. 2018) and a fortuitous combi-
nation of the other initial conditions. The turbulent fiducial rotators
with B-z form discs with r < 5 au.
Ideal models with B±z are most susceptible to the magnetic
braking catastrophe (e.g. Allen et al. 2003; Galli et al. 2006), thus
since the initial core was centrally condensed as opposed to uniform, which
promoted the formation of a single protostar, even under rapidly rotating
initial conditions.
MNRAS 000, 1–12 (2020)
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the consistency of disc formation in iM>0β0.02B-z suggests that
turbulence combined with reasonable rotation can hinder the mag-
netic braking catastrophe to permit small discs to form. However,
these discs are much smaller than those inferred around Class 0 ob-
jects (e.g. Dunham et al. 2011; Tobin et al. 2015), thus turbulence
appears to weaken rather than prevent the catastrophe. In strong
magnetic fields (µ0 . 5), Wurster & Bate (2019) found that the
more massive discs were formed in laminar models with B-x rather
than B-z. Therefore, turbulence appears to change this result, pro-
moting disc formation in theB-z models rather than theB-x models;
again, we caution that this conclusion may be a result of the seed
for our initial turbulent velocity field.
4.1.3 Non-ideal MHD
Ideal magnetic fields efficiently transport angular momentum from
the centre of the collapsing cloud outwards, hindering disc forma-
tion (i.e. the magnetic braking catastrophe). In iM>0β0.02B-z dis-
cussed above, turbulence can hinder the angular momentum trans-
port enough to permit a small, . 5 au disc to form. Another solu-
tion to preventing angular momentum transport is non-ideal MHD,
in which interactions between neutral gas and ions weaken and
reshape the magnetic field. When including non-ideal MHD in
models of laminar gas flows, large discs are expected to form in
magnetic fields of B-z and small discs for B+z (Braiding & Wardle
2012, and was confirmed numerically by Tsukamoto et al. 2015b;
Wurster et al. 2016, 2018b).
A single disc forms in every non-ideal MHD model except
nM0.1β0.02B+z, although this outlier may be a result of the ran-
dom seed of the turbulence. The non-ideal models withB-x andB-z
have disc properties (radius, mass and disc-to-stellar mass ratio)
that are insensitive to the level of turbulence, with each property
varying by less than a factor of two as the initial Mach number
is increased from zero to one. Although turbulence may hinder the
transport of angular momentum in these models, its effect is clearly
secondary to that of including non-ideal processes. In all cases, the
discs in the fiducial rotators (βr,0 = 0.02) are larger and more mas-
sive than their slow rotator counterparts. This suggests that sub- and
transsonic turbulence plays a subordinate role (even to rotation) in
disc formation when including non-ideal MHD at these orienta-
tions.
The Hall effect hinders disc formation for B+z, and this is
clearly shown in Figs. 1 and 2 where discs of r . 10 au form.
These models may be slightly more sensitive to the initial Mach
number than the other initial configurations, with disc radius and
mass initially decreasing before increasing again forM0 = 1. The
largest discs in this configuration appear in the transsonic models,
although these discs are only twice as large as their laminar coun-
terparts. This suggests that turbulence contributes to disc formation
in this case, although this may be dependent on the initial structure
of the turbulence field, as discussed above.
4.2 Stellar mass
The stellar masses at the end of the simulations are given in the third
row of Fig. 3. The models where disc formation is hindered (i.e.
ideal MHD and to a lesser extent nM∗β∗B+z) have higher stellar
masses since the gas has less angular momentum and is more easily
accreted onto the protostar. Increasing the initial rotation rate also
decreases the final stellar mass since more angular momentum of
the gas must be shed prior to it being accreted onto the protostar.
Finally, increasing the initial level of turbulence decreases the final
stellar mass, since the turbulent motions also hinder the gas flow
towards the star.
The final stellar mass is intrinsically linked to the presence
and magnitude of the processes which hinder angular momentum
transport (e.g. adding non-ideal MHD, increasingM0 or βr,0). As
additional processes are added, or the effect of any process is in-
creased, the mass of the resulting star decreases.
4.3 Magnetic fields
The magnetic field strength around the stars is shown in Fig. 5
for each of our magnetised models, and the average field strength
in each disc is shown in the bottom panels of Fig. 3. Changing
the initial Mach number has minimal affect on the maximum field
strength in all the magnetised models, with the maximum strength
changing by only a factor of . 3 when all other initial properties
are kept the same. Greater changes occur when changing each of
the other initial parameters, especially by including the non-ideal
processes which disperse and diffuse the magnetic field.
Increasing the initial rotation rate or including non-ideal MHD
with B-z increases the angular momentum in the first hydrostatic
core (FHC; see Section 4.4 below), even if only slightly. This is
enough to trap the magnetic field at slightly larger radii, which
prevents the field lines from piling up and causing a strong mag-
netic field as seen in the other magnetised models. Thus, the re-
sulting magnetic fields are weaker in the fiducial rotators and in
nM∗β∗B-z. Although the turbulence in these models affects the
structure of the magnetic field, it is not strong enough to have a
significant affect on the field strength itself.
When considering the magnetic field strengths in the discs of
the non-ideal models with B-x and B-z (bottom panels of Fig. 3),
the average value changes by a factor of . 3 as the initial Mach
number changes; there appears to be a slight trend of decreasing
strength for higher Mach numbers, but this change is too small to be
conclusive. The non-ideal models with B+z show a larger variation
in magnetic field strength, however, the small discs produced render
it difficult to make a firm conclusion on any notable trends. These
results suggest that the initial magnetic properties have a dominant
role over subsonic turbulence in setting the magnetic field strength
in the disc.
4.4 First hydrostatic core
4.4.1 Angular momentum
Magnetic fields affect the angular momentum of the FHC as it
forms and evolves (e.g. Tsukamoto et al. 2015a,b; Wurster et al.
2018b) since they efficiently transport angular momentum outward
into the lower density gas. As a result, the ideal models have the
lowest angular momentum in their FHCs while the hydro models
have the highest. This is shown in Fig. 6 where, as in our previ-
ous studies, we define the FHC to be comprised of all the gas with
ρ ≥ 10−12 g cm−3.
Generally, in our models, increasing the initial level of turbu-
lence decreases the angular momentum in the FHC; this decrease
can be up to a factor of∼100 in some cases. Therefore, on the scale
of our simulations, turbulence does not generate rotation. This re-
duction in angular momentum for increasing turbulence does not
necessarily affect the resulting disc properties as discussed in Sec-
tion 4.1, which are insensitive to the initial levels of turbulence.
Given the values presented in Fig. 6, the angular momentum
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Figure 5. Density-weighted line-of-sight averaged magnetic field strength along the z-axis for the models as in Fig. 1. Magnetic field strengths are generally
unaffected by the turbulence, with the maximum magnetic field strength changing by a factor of ∼2 when all initial conditions except Mach number are held
constant. Magnetic field strengths are much weaker for the non-ideal models than the ideal models, and are generally weaker for faster initial rotations.
of the FHC alone cannot dictate whether or not it will fragment
into multiple stars since a few models that form single stars have
more angular momentum than the FHCs that fragment. Nor can the
angular momentum of the FHC alone dictate the properties of the
resulting discs. Therefore, other factors including magnetic fields
and their orientation (e.g. Lewis & Bate 2017) must be considered
when determining if a core will fragment and what will be the prop-
erties of the resulting discs.
4.4.2 Outflows
Fig. 7 shows the radial velocity for each model in our suite.
Lewis & Bate (2018) showed that increasing the initial Mach num-
ber in ideal models with B+z (the only orientation they studied)
distorted and ultimately prevented first core outflows. Our models
with B±z agree with this trend. In agreement with our previous
work, there are no outflows in the models with B-x. As the initial
Mach number increases, the outflows are slower and progress to a
shorter distance in a similar amount of time since star formation
and are typically less broad. For the transsonic models, outflows
are completely suppressed.
Unlike the previous characteristics we have investigated in this
paper, the first core outflows are influenced by all initial conditions,
including the initial level of turbulence. These first core outflows
are magnetically launched, so are not present in the hydro mod-
els; they are suppressed in the B-x models since a strong, poloidal
magnetic field cannot be created near the star. Fast outflows
are launched from regions of lower ratios of toroidal-to-poloidal
magnetic field components (e.g. Bate et al. 2014; Wurster et al.
2018a,b), which occur in the non-ideal models with B+z since the
Hall effect decreases the toroidal component above and below the
protostar. The outflows are further suppressed as the initial turbu-
lent amplitude is increased since the outflow encounters less well-
ordered gas as it expands and since the magnetic field near the star
(i.e. at the launching radius) becomes tangled and cannot generate a
coherent outflow. At the higher initial rotation rate, the outflows are
more broad and slightly faster due to the additional initial angular
momentum.
4.5 Resolution
Our initial spheres contain 1 M⊙ of gas and 10
6 particles, thus
the Jeans mass is resolved throughout the collapse (Bate & Burkert
1997). At 1500 yr, there are& 104−5 particles in the discs that have
formed, with particle smoothing lengths of 0.2− 1 au.
A disc is considered resolved if it resolves the Toomre-Mass
and the scale-height, H . From this, Nelson (2006, modified by
Wurster & Bate 2019 to account for MHD) suggested that the disc
was resolved if
Σ < Σreso =
pi
(
c2s + v
2
A
)2
G2msphNreso
(6)
and
H
hmid-plane
=
√
c2s + v2A
hmid-planeΩ
> 4, (7)
MNRAS 000, 1–12 (2020)
8 Wurster & Lewis
1046
1048
1050
1052
L f
hc
 
[g
 cm
2  
s-
1 ] ideal, B
-x βr,0 = 0.005 βr,0 = 0.02
1046
1048
1050
1052
L f
hc
 
[g
 cm
2  
s-
1 ] ideal, B
-z
1046
1048
1050
1052
L f
hc
 
[g
 cm
2  
s-
1 ] non-ideal, B
-x
1046
1048
1050
1052
L f
hc
 
[g
 cm
2  
s-
1 ] non-ideal, B+z
1046
1048
1050
1052
L f
hc
 
[g
 cm
2  
s-
1 ] non-ideal, B
-z
1046
1048
1050
1052
10-12 10-11 10-10 10-9 10-8
L f
hc
 
[g
 cm
2  
s-
1 ]
ρmax [g cm-3]
hydro
10-12 10-11 10-10 10-9 10-8
ρmax [g cm-3]
M0=0.0
M0=0.1
M0=0.3
M0=1.0
Figure 6. Angular momentum in the first hydrostatic core from its for-
mation until the formation of the protostar (i.e. until the insertion of the
sink particle) as function of maximum density, which is a proxy for time.
The first hydrostatic core is defined to be composed of all the gas with
ρ ≥ 10−12 g cm−3. Generally, increasing the initial Mach number de-
creases the angular momentum in the first hydrostatic core. In agreement
with previous studies, hM∗β∗ and nM∗β∗B-z have the largest angular mo-
menta in the suite of simulations.
where Σ is the surface density of the disc, cs is the sound speed, vA
is the Alfve´n velocity, G is Newton’s gravitational constant, msph
is the mass of the SPH particle, Nreso ≈ 342 is the number of par-
ticles required to resolve the maximum surface density for a cubic
spline smoothing kernel, and hmid-plane is the smoothing length in
the midplane of the disc.
In our models, the surface density of the discs that form is a
few orders of magnitude lower than Σreso thus they meet the resolu-
tion requirement of the Toomre-Mass. In the discs, H/h¯ ∼ 6− 8,
where h¯ is the average smoothing length within 20◦ of the mid-
plane at any given radius. Since h¯ > hmid-plane, then H/hmid-plane >
H/h¯, and we can conclude that our discs are resolved.
4.6 Evolutionary period
Due the large suite presented here and in our companion paper
(Paper II), the resolution of our models and our limited computa-
tional resources, we evolve the systems for &1500 yr after the pro-
tostar formed, which is a very short phase in the lifetime of a disc,
where the Class 0 phase alone is expected to last for∼ 1.6×105 yr
(Dunham et al. 2014).
Numerically, the lack of reasonable disc in the ideal models
yields a reasonable minimum CLF timestep, dtCFL (recall Eqn. 1
and associated discussion), thus these models could be evolved for
a reasonable length of time after disc formation. In the non-ideal
models, the CFL timestep is approximately 10 times smaller. How-
ever, the presence of the dense disc and the non-ideal effects yield
non-ideal timesteps dtnimhd that are a factor of∼10
3 smaller than its
CLF condition (i.e. ∼104 smaller than the CFL condition required
in the ideal models); thus, running several non-ideal models as we
do here severely limits the length of time we can evolve them. So
that we can perform a direct comparison amongst the models, we
have intentionally analysed all models at the shortest end time of
1500 yr.
The limited evolution allows us to reach conclusions about
the disc formation that occurs simultaneously with protostar for-
mation, which is likely the seed for any later evolution. Since 0.18-
0.77 M⊙ of gas is in the star+disc system by 1500 yr, there is still a
considerable amount of gas remaining in the initial core that could
permit later evolution. Fig. 8 shows the mass of the star+disc sys-
tem, stellar mass and disc mass as a function of time, normalised
to the formation time of the protostar. This shows that the enve-
lope is continuing to collapse onto the star+disc system, and that
the existing stars and discs are continuing to gain mass. Although
limited in time, this also shows that discs form simultaneously with
the protostar formation rather than delayed by a few hundred or
thousand years since Mdisc(t = 0) > 0; this is in agreement with
Wurster et al. (2018b).
The discs and the envelope undergo long-term evolution, as
shown by Machida & Hosokawa (2013), who model the formation
of a protostar and follow its evolution for ∼105 yr until the en-
velope has dissipated6. By the end of the Class 0 phase, they find
discs with masses of 0.12-0.36 M⊙, which is a similar range to
what we present in our study (at least for the models that form
discs). This suggests that discs gain most of their mass early on,
although we would need to evolve our simulations considerably
longer to conclusively prove this. Thus, although we cannot com-
ment on the long-term evolution based upon our models, we can
and do describe the disc that forms simultaneously with the proto-
star, which appear to be a good representation of the Class 0 discs
based upon the results of Machida & Hosokawa (2013).
4.7 Comparison to other studies
There have been many studies that investigate the role of turbu-
lence on star formation, and these studies collectively span a large
parameter space. Most studies involve cores of greater mass than
we study here, but (as far as we know), this is the first study to
include the three non-ideal processes7. These studies have reached
various conclusions, suggesting that the initial conditions are as im-
portant as the inclusion/exclusion of turbulence (for a review, see
Wurster & Li 2018). We note that when turbulence is included, the
results (and possibly the conclusions) may differ simply as a result
6 Machida & Hosokawa (2013) used a sink cell of 2 au and minimum cell
size of 1.46 au, compared to our 1 au sink and minimum smoothing length
in the disc of ∼0.2 au.
7 Wurster et al. (2019) included both turbulence and non-ideal MHD, but
their goal was to investigate the formation of a low-mass star cluster rather
than an isolated star.
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Figure 7. Density-weighted line-of-sight averaged radial velocity for the models as in Fig. 1. The magnetically launched outflows are suppressed in the models
with B-x. Increasing the initial Mach number suppresses the outflows by tangling the magnetic field at the launching radius near the star and by creating a
disordered gas motion in the path of the outflow.
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of the initial seed of the turbulent velocity field (e.g. Goodwin et al.
2004a; Liptai et al. 2017; Geen et al. 2018).
By design, this study most closely resembles the ideal MHD
study of Lewis & Bate (2018), thus the results of our ideal simula-
tions with B-z are in agreement with their conclusions that increas-
ing turbulence hinders first core outflows8. They also conclude that
increasing turbulence (in B+z models) hinders the formation of the
pseudo-disc (the over-dense, disc-like structure with a radius of a
few hundred au that appears in the mid-plane of laminar models;
see their fig. 7), but do not comment on the formation of proto-
stellar discs similar to those that we analyse here. In agreement,
we also find that increasing turbulence decreases the formation of
these pseudo-discs (not shown), and this is true for all magnetised
models with B±z .
Our general conclusions are also in agreement with
Matsumoto et al. (2017) who used slightly more massive cores
(2.5 M⊙) but also studied sub- and transsonic turbulence. In their
strongest magnetic field case, they found the level of turbulence did
not affect the disc properties. Therefore, in this parameter space
(low-mass cores with sub- and transsonic turbulence), magnetic
fields are the dominant process in influencing star and disc forma-
tion.
Hennebelle et al. (2020) recently investigated the effect that
magnetic field strength, misalignment between the magnetic field
vector and rotation axis, initial rotation rate, and including
transsonic turbulence had on the formation and evolution of discs.
Their models included ambipolar diffusion. They concluded that, if
the core is initially sufficiently magnetised (i.e. µ0 . 6.7), then the
resulting disc masses and radii were relatively insensitive to their
initial parameters. This is in agreement with our work. Given fixed
initial physical properties, their disc masses and radii were sensitive
to their sink size and the accretion scheme onto the sink, demon-
strating the importance of carefully choosing numerical algorithms
and parameters.
Gerrard et al. (2019) initialised their 1 M⊙ cores with a turbu-
lent magnetic field rather than a turbulent velocity field. By increas-
ing the turbulent component of the magnetic field and decreasing
the laminarB+z component, they found that first core outflows were
inhibited. Thus, first core outflows are inhibited when the uniform
poloidal component of the magnetic field is disrupted, independent
of whether this disruption is from an initially turbulent velocity,
turbulent magnetic field or the B-x orientation.
As the initial mass of the core is increased, so typically is the
initial level of turbulence. In these studies, the conclusions tend to
have greater variance. No discs formed in the 5 M⊙ simulations of
Joos et al. (2013) and Gray et al. (2018) that included a strong mag-
netic field (µ0 = 2); their initial Mach numbers spanned a range
from sub- to supersonic. When Joos et al. (2013) decreased the ini-
tial magnetic field strength to µ0 = 5 as in our study, low-mass
discs formed in the subsonic models and high-mass discs formed in
the supersonic models; when they decreased their initial magnetic
field strength again, massive discs formed for all initial Mach num-
bers. Therefore, these studies find that both magnetic field strength
and turbulence are responsible for disc formation, where turbulence
plays a dominant role at specific magnetic field strengths.
Larger mass cores (≥ 50M⊙; Seifried et al. 2013; Gray et al.
2018; Wurster et al. 2019) are typically initialised with highly
supersonic turbulence (M0 & 5) to better match observations
8 Although Lewis & Bate (2018) used B+z, ideal MHD is invariant to B+z
→ B-z, so our ideal results are directly comparable to theirs.
(Larson 1981). These clouds fragment into multiple stars, many
of which have discs. From their studies, Seifried et al. (2013) and
Wurster et al. (2019) concluded that in larger cores, (initially super-
sonic) turbulence was more important than magnetic fields in deter-
mining whether or not discs will form. Wurster et al. (2019) further
concluded that this was independent of inclusion/exclusion of non-
ideal MHD. Gray et al. (2018), however, performed simulations
where the total angular momentum vector resulting from the initial
turbulent velocity field was initially aligned with the magnetic field,
and found that no discs formed; when the total angular momen-
tum vector was misaligned with the magnetic field, then they ob-
tained one disc in each model (compared to three to 10 stars). This
suggests that the orientation of the total angular momentum vec-
tor resulting from turbulence is important, and that there must be a
misalignment between the angular momentum vector and the mag-
netic field to form discs. This conclusion regarding misalignment is
reinforced by many studies who have investigated misaligned mag-
netic fields in laminar flows (e.g. Matsumoto & Tomisaka 2004;
Hennebelle & Ciardi 2009; Joos et al. 2012; Krumholz et al. 2013;
Lewis et al. 2015; Masson et al. 2016; Lewis & Bate 2017).
5 CONCLUSION
We numerically investigated the competing processes of
sub/transsonic turbulence and magnetohydrodynamics on the
formation of circumstellar discs by modelling the gravitational
collapse of 1 M⊙ gas cores that are initially rotating and superim-
posed with a turbulent velocity field; in Paper II, we investigate the
effect these parameters have on the formation of the stellar core.
We tested two initial rotation rates, four initial Mach numbers and
the inclusion/exclusion of ideal and non-ideal MHD with two to
three directions of the initial magnetic field.
To study the formation and early evolution of circumstellar
discs, we inserted 1 au sink particles late in the first hydrostatic
core phase to represent the protostar and evolved the models for at
least 1500 yr. Our key results are as follows:
(i) Discs preferentially formed in the purely hydrodynamic
models and the non-ideal MHD models with B-x and B-z; when
discs formed in the ideal MHD models, they were small and/or low
mass. This is independent of the initial level of turbulence. There-
fore, when employing ideal MHD, sub- and transsonic turbulence
is not strong enough to prevent the magnetic braking catastrophe.
(ii) Increasing the initial Mach number had little impact on the
disc properties (i.e. disc radius, mass, magnetic field strength) for
the models that formed well-defined discs (i.e. the non-ideal MHD
models with B-x and B-z).
(iii) For subsonic turbulence, rotation is more important than
turbulence in purely hydrodynamical simulations; slowly rotating
systems formed large discs, while quickly rotating subsonic sys-
tems fragmented to form multiple stars, many of which had discs.
(iv) First hydrostatic core outflows formed in the models with
B±z and were influenced by all of the initial conditions. Increas-
ing the Mach number inhibited the outflows, and suppressed them
completely for transsonic turbulence.
The initial level of turbulence influences the first core out-
flows. For the remainder of the properties associated with circum-
stellar discs, non-ideal magnetohydrodynamical processes are more
important than sub- and transsonic turbulent processes in determin-
ing the evolution of the system.
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